Conformational and transport properties of polymer chains in a porous medium are studied using computer simulations. Two types of links between the consecutive nodes of the self-avoiding walk (SAW) chains are considered: (i) constant bond and (ii) IIexible (fluctuating) bond. In addition to normal diffusive motion for the global transport of chains, we observe unusual nondiffusive transport phenomena such as subdiffusive powerlaw dependence of the rins displacement (R, ,) of the chain with time (t), i.e. , R, , =At" with an exponent k less than 1/J'2 at low porosity. In two dimensions, we find that the power-law exponent k is nonuniversal as it depends on the barrier concentration (p") and the chain length (L, . ) with the magnitude of k=0.0 -0.5. The chains with flexible bonds exhibit better relaxation with the value of k slightly higher than that for the chains with constant bonds at low porosities. The subdiffusion constant A shows a nonuniversal power-law dependence on the chain length, A-L, , with a=0.28 -1.85 for chains with constant bond, and 0.33 -1.27 for chains with flexible bonds. A similar but less pronounced effect of impurity barriers is also observed in three dimensions. The radius of gyration of the chains is affected by the presence of barriers; characteristics of the crossover from a SAW to collapse conformations are reported, along with the anomalous conformation as a function of barrier concentration.
I. INTRODUCTION
Understanding the conformational properties and dynamics of chain polymers has been a subject of continued interest for the past few decades [1 -4] . The conformation of a polymer chain depends on two factors: the basic nature of the free chain [i.e., random walk (Gaussian), self-avoiding walk (SAW), Levy walk, ballistic walk, etc. ] and the medium in which the chain is embedded. It is now well known that the conformation of a polymer chain is a SAW in a good solvent, a Gaussian at the 0 point, and a collapse configuration in poor solvent, while it is Gaussian even in a good solvent in melt [3] .Most of the studies are focused on evaluating one of these standard conformations and the crossover from one conformation to another. Very little attention is given to anomalous conformations [5] of the chains that may result from various factors such as the nature of the host media, the interactions, and the temperature, etc. We study the effects of the heterogeneity of the medium on the conformation of the chains.
The effect of heterogeneity on the dynamics of chains [3, 4] is even more difficult. The power-law dependence of the monomers and the center of mass of the chains on time has been one of the most debated subjects in the area of polymer physics for over a decade [4,6 -14] . In particular, the crossover between Rouse (local motion of internal nodes at short time, nonentangled regime) to reptation (the motion of nodes in a highly entangled regime) power-law behavior has been controversial and has generated intense activities.
The notion of reptation for the dynamics of chains and its dominant role in the long time regime seems more acceptable now primarily due to the progress in computing with the large-scale simulations [11 -14] . In recent years, computer simulations have become one of the most powerful tools in investigating the conformational properties and dynamics of chain polymers [14] , which are too complex to handle by analytical theoretical methods [4] . These problems become more complex as we incorporate features such as interactions between the polymers and solvents and the effects of barriers. We restrict ourselves here to the effects of quenched barriers and the excluded volume interactions of the polymer chains. Furthermore, we will use both internal kink-jump and reptation to move the chains. We know [15] that the reptation destroys the correct local dynamics, and therefore the Rouselike dynamics is not expected. Without the reptation, on the other hand, it will be very difficult to reach the asymptotic regime to address the issues related with the long time behavior with presumably equilibrated chain lengths in steady state.
The transport properties of even the structureless particles, i.e. , the interacting lattice gas in the presence of barriers, are very difficult to investigate [16 -18] . The motion of noninteracting particles (i.e., single particle) in random media such as a percolating system [19, 20] is, however, well understood [21 -26] . The asymptotic power-law behavior of the random walk motion of a particle in a percolating medium becomes anomalous [26] at the percolation threshold where the ramification of the host space becomes very high.
The everlasting competition between the random walk movement of a particle and the stochastic geometry of the inhomogeneous medium with infinite percolation correlation length [19, 20] leads to such unusual transport behavior. It may be argued [5] that the conformation and dynamics of chains in melt should share this feature in certain time regimes.
The relaxation times associated with the conformations of 1063-65IX/96/53(4)/3717(15)/$10. 00 3717 1996 The American Physical Society the chains and their motion and with the host medium may cause more difficulties for chains [27] than that for a diffusing particle. It can be realized by considering the motion of a tagged (tracer) chain in the melt where the remaining chains constitute the host medium. The chains other than the tagged chain constitute the medium. The tracer chain moves and explores its conformation in a limited host space -the cage [3] . On average, the volume of the cage is the size of the typical pore space (the volume of the system minus the volume of the polymer chains) per chain. The relaxation time of the chain to explore all its conformational configurations (w, . &) and to approach its power-law motions (7, [29] have studied the conformational and transport properties of chains in a random system modeled by percolation [19, 20] . They do not consider excluded volume interactions in modeling the chains. The important effect of random barriers in their study is the observation of the crossover from a Gaussian to a collapse state of the radius of gyration on increasing the barrier concentration. We will study the conformation and transport properties of SAW chains in a porous medium generated by a random distribution of impenetrable quenched barriers as in percolation. We consider two types of chain models: (1) constant bond and (2) fiexible bond (bond fluctuation) between the consecutive nodes [35] .
These simulations are carried out in both two and three dimensions. The simulations in three dimensions are useful in understanding the viscoelastic properties of polymer chains in melt and in porous gel. Furthermore, most of the analytical and computer simulation studies have been carried out in three dimensions and therefore it is relatively easier to see how the physical properties of the SAW chains in our model are modified by the quenched impurities. Although the model chains can describe the motion of polymers in dilute gels better than the effective sphere models [36] , they may still be far from describing the laboratory polymers, say linear polystyrene in the matrix of cross-linked polymers [37] . Enormous efforts have been recently devoted to studying the transport and conformation of polymers experimentally, and in electrophoretic processes in particular [38] ; this is another important area of modeling [39, 40] , which will not be considered here. Nevertheless, studying the conformation and dynamics of chains in porous media (even without a driving field as in electrophoresis) is very important in understanding such complex systems.
The motivations for our study in two dimensions are the following: it is relatively easier to investigate and check the conformation of the chains on a square lattice despite large fIuctuations in lower dimensions. A difficulty on the square lattice may be encountered due to the possibility of some nonergodic conformations for the SAW [14] . However, the probability of such a conformation is too small to affect our results on the power-law dependence of the rms displacement of the chains on time or that of the radius of gyration on the contour length. The nonergodicity due to conformational trapping can be monitored in our simulations. The restrictions in conformational configurations may, nevertheless, be caused by the presence of impurity barriers and other factors such as polymer concentration and temperature, which may lead to nonergodicity. Thus, some degree of "frustration" [41] may not be undesirable in such simulations. Simulations in two dimensions may have some applications in coating fiow and paint [42] , where conformation and dynamics of the polymer on a surface are important in understanding the stability of paint. To our knowledge, there is no such study on the basic conformational and dynamic properties of chains on a heterogeneous surface that is presented here. In the following section we will introduce the model. The physical quantities are defined in Sec. III [43] ) that can be placed into the pores with our fixed number of attempts may be smaller than the preassigned number of chains n, and in that case the value of n, . is updated to the actual number of chains generated. Thus, we may not have control over the precise concentration of chains in this method. (b) There is a way to get around the difficulty in placing the preassigned number of chains by packing the chains first regularly in the lattice and then placing the barriers. The initial chain configurations will not be random as in the above process (a) and it will take more time to equilibrate such initial configurations. Therefore, instead of placing the chains regularly, we can distribute them randomly in sequence (random sequential initialization). Since the barriers are structureless (lattice points), it is relatively easier to drop them into the lattice after placing the chains in a constrained SAW growth process. Although we can generate some random configurations, we cannot pack a large number of chains again due to the jamming limit in such random sequential chain growth process. However, we believe that this is a reasonable compromise, and in our study here we have used this method of preparing the samples.
B. Hopping algorithm
We use kink-jump and slithering-snake reptation moves for the chain dynamics. As mentioned before, we consider two types of chains: (1) [14, 35] (a) Displacements of the chains: we evaluate the displacement of each monomer (node) from which we calculate the displacement and rms displacements of the chain and that of its center of mass as a function of time. In order to keep track of limited periodic values of the displacements we store the relevant quantities at equal intervals t;; thus our total time step t = t X t;, where t; is the size of the innermost time loop and t, is the size of outer time loop. If dE is less than or equal to zero then we perform the move. forts have been made to obtain as many independent samples as permitted by the available resources. These simulations are CPU intensive (about 6000 CPU hours on CRAY YMP, CRAY T3D, SUN, IBM workstations and Pentiums). In many instances, we have substantial fIuctuations in the data where it is very hard to provide a definite prediction while there are cases where there will be clear evidence for a certain dependence of these quantities on the independent variables. In the following we present results on these quantities.
IV. TRANSPORT QUANTITIES
The variations of the rms displacements of each chain with time are studied as a function of barrier concentration for both chain types with constant and fluctuating bonds. We use both kink-jump and "slithering-snake" (reptation) motions to study the transport of the chains. In principle, there may be a variety of kink-jump and crankshaft movements involving various numbers of bonds with different modes. We have, however, considered only the lowest order of kinkjump movement involving two consecutive bonds. Such local dynamics is important in relaxing the chain conformations. The reptation moves, on the other hand, dominate the global transport of a chain involving its cooperative motion. Therefore, the nature of the variation of the rms displacement of chains with time should be determined by analyzing the displacement of chains due to reptation alone. The displacement due to internal kink-jump motion, in combination with the reptation, may sometime lead to spurious power-law dependence, particularly in a porous medium for some bondfIuctuating chains, as we will see below. We will, therefore, restrict ourselves to the reptation component of the rms displacement of the chains to study the effects of quenched disorder on its power-law dependence on time.
A. Two dimensions
We have used lattices of size 200X200 for our simulations with chain lengths in the range L, =40 -160. The barrier concentration is varied with pb = 0.0 -0.4, so the porosity, the fraction of open sites that form the pores, p, =1 -pb, ranges from 1.0 to 0.6. Note that the percolation threshold for site percolation in two dimensions is about 0.593 [19] .For a fixed value of porosity and chain length, we have used 30 independent runs to obtain the average physical quantities. A snapshot of a sample configuration after 500000 steps is shown in Fig. 2 . 
10' However, it is clear that the nature of the temporal variation of the rms displacement of the chains seems to depend strongly on the concentration of the barriers. Let us assume a power-law dependence for the rms displacement of the chain with time,
where A is a constant and k is the power-law exponent. Table   I shows a complete set of our estimate of k for various values of p & and L, . We see that for the chain length L, =20,k=1/2 at p&=0.0 -0.3, k=0.31 at p1, =0. 4, while for L, =80, the estimate of k drops down to 0.15 even at p&=0.3 and becomes vanishingly small for p&~0. 4 . We note that the data for the longer chains are more fIIuctuating than that for the shorter chains for the same number of independent samples. This is not unreasonable, since the conformational relaxation of the larger chains is more severely hindered by the barriers at the pore boundaries than that for the shorter chains, which are relatively less spread. Despite the fluctuations, we observe that the exponent k depends on the barrier concentration p& and perhaps on the chain length L, , especially at higher barrier concentrations p&~0.2 (see Table I ).
We would like to point out that the random walk of a particle in a quenched random system becomes anomalous at the percolation threshold [19, 20] ; the everlasting competition between the random walk and stochastic geometry of the percolating network at the percolation threshold leads to such subdiffusive power-law behavior [21 -26] . The stochastic motion of a SAW chain in a stochastic geometry [44] is more complex due to interplay between the conformational stochastic relaxations and the competition between the chain transport and the stochastic geometry. Although our data appear somewhat fluctuating, the trend is clear within the framework of the above arguments. At barrier concentrations pI,~0 . 2, the power-law exponent k is nonuniversal in a sense that it depends on both p& and L, Thus, we tend to believe that the motion of the chains is not only subdiffusive, but is quite different from that of Rouse-1ike motion and reptation [4] in a quenched porous medium. One would like to see the temporal variation of the rms displacement due to lateral movement (hopping) of the inter- nal nodes in the kink-jump motion. Figure 4 shows such a plot for two chain lengths (L, =40 and 120) at various barrier concentrations. One would immediately note that these data are less fluctuating than the corresponding data for the collective transport due to reptation. The kink-jump motion involves many more nodes (L, -1) than th. e two nodes at the chain ends in reptation. The stochastic internal movements (" flipping" ) of these nodes are independent of each other.
Therefore, the statistics is improved. The slopes of the rrns displacement with time on the log-log scale (Fig. 4) is about 1/2. Thus, the stochastic internal flipping is diffusive.
Fluctuating bonds
We Tables II and III) . The rms displacement due to kink-jump motion, on the other hand, shows a diffusive behavior at low barrier concentrations, and a faster su- perdiffusive (k)0.5) and driftlike (k= 1) motion at high barrier concentrations (pb=0. 6) (see Fig. 6 ). However, we seem to understand this superdiffusive behavior of the chains (see below). We know that the chains have relatively more freedom to relax with the bond fluctuations than with the constant bonds. Therefore, the probability of the entropic trapping is smaller with our bond fluctuating model. Note that there is no significant difference due to temperature in the variation of the rms displacement of chains with time (see Figs. 5 and 6 ). This is due to the fact that the temperature affects only the bond stretching as the internal node attempts to move to its neighboring site -such moves seem to be very limited in comparison to all other moves without stretching due to limited use of the temperature dependent Boltzmann factor.
The driftlike motion of the chains due to kink-jump movements in the restricted pore space can be understood with the following arguments. The chains are executing their stochastic motion with each node selected randomly. Even though the internal nodes are selected more often than the ends (head or tail), there is a finite probability that the mixing of reptation with the kink-jump may eliminate some of the kink-jump configurations. For example, suppose an internal node (say the second node) of a chain has completed a kink-jump motion with bond iluctuation (a configuration A) then followed by a reptation move of the (L, + 1)th node (a configuration B) (see Fig. 7 ). Since the whole chain follows the (L, + 1)th node, the kink-jump configuration A associated with the second node will be eliminated. The second node may, therefore, be unable to kink-jump back to its original position in configuration A had it attempted to move.
Thus, the elimination of the kink-jump conformations such as this, and the high probability of kink-jumps, accelerate the chains. In this process, the chains have moved much larger distance than the pore size as if the chains move around in a "circle" again and again for a long time. This may lead to superdiffusive behavior at high barrier concentrations (i.e., much larger than the size of the lattice. Therefore, we consider combining the data for our large chain lengths, L, =100 and L, . =120. The variation of the rms displacement with time of the combined data, due to reptation motion alone, is shown in Fig. 8(a) for the constant bonds and Fig. 8(b) for the fiuctuating bonds. Note that the data for the two chain lengths are quite similar. The least square fits of these data, however, provide a better estimate for the power-law exponent k defined in Eq. (11) . The estimate of k at various barrier concentration for the average of both chain lengths is presented in Table IV . We see that k varies with the concentration, about 0.5 at p& = 0.0 to 0.39 at p&=0.2 for chains with fIuctuating bonds, and to 0.42 at p&=0.2 for chains with constant bonds. This confirms our previous assertion that the rms displacements of chains are subdiffusive in the presence of quenched barriers and that the value of the subdiffusive power-law exponent depends on the barrier concentration. In order to illustrate the dependence of the power-law behavior on chain length and the barrier concentration, we present the variation of the rms displacement with time in Fig. 9 for various chain lengths at pb --0.1 and 0.3. From visual inspection, it is evident that the power-law behavior becomes subdiffusive, at much lower k, for the motion of relatively larger chains at p&=0.3, i.e. , L, =80, 120, and 160. [7] as D =R,/t, apart from a numerical factor of order unity. We estimate the value of the prefactor A of the nondiffusive power-law behavior of the chains in our model. The variation of A with the chain length is shown in Fig. 10 for various barrier concentrations. In analogy with the reptation behavior [7] , we attempt to ana- 
Tim. e and cooperative global (reptation) motion. Therefore, the chains would relax and move comparatively more easily in three dimensions than in two dimensions at the corresponding barrier concentrations and chain lengths. Consequently, one would expect comparatively fewer Auctuations in the data here. The simulations were performed on lattices of typical size 100' 100' 100, with chain lengths in the range L, =40 -160. For each parameter set, about 10 independent runs were used to obtain average physical quantities.
The variation of the rms displacements with time of the constant and fluctuating bond chains are shown in Fig. 11 for various barrier concentrations and chain lengths. The volume fraction of the pores, i.e. , the porosity, p, =1 -p&. Therefore, the barrier concentration pI, should be sufficiently high to generate pores with a wide distribution of narrow channels since the percolation threshold is about 0.312 for site percolation [19] . We have considered p& = 0.0 -0.6 (i.e., p, = 1.0 -0.4) in this study. We observe that at the low barrier concentrations (p&= 0.0 and 0.2), the rms displacements exhibit a diffusive behavior (with slope 1/2). This implies that the barriers impose no restrictions whatsoever as far as the asymptotic behavior of the rms displacements is concerned. However, on increasing the barrier concentrations to pI, =0.4 we begin to see the onset of crucial effects on the global motion. Our estimates for the exponent k are shown in Tables VI and VII for constant and fluctuating bond chains, respectively.
We observe a crossover in the power-law behavior at a characteristic time t, , from a subdiffusive power-law behavior in the short time regime to a diffusive power-law behavior in the long asymptotic time regime. The characteristic time t, seems to depend on both the chain length as well as on the barrier concentration. Note that t, increases on increasing the chain length and/or increasing the barrier concentration. This is plausible, as the longer chains hit the barriers at the pore boundaries in a relatively short time in comparison to shorter chains in the same pore. Similarly, increasing the concentration of the barriers reduces the pore size, and therefore, the chains begin to encounter the barriers at the pore boundaries in a relatively shorter time. The competition between the stochastic global hopping of the chains and the barriers leads to an asymptotic subdiffusive powerlaw behavior (t, +~). This po-wer-law exponent (k) is nonuniversal as it depends on the chain length as well as the barrier concentration. We believe that this is due to a delicate balance between the stochastic conformations of the chains and the interplay between the competing effects of the barriers and the chains motion. Isolating the effects of chain length and barriers and quantifying their predictions will require orders of magnitude more computing resources, and may be carried out when such resources become available in the future.
The effect of the barriers on the rms displacement of the internal nodes due to kink-jump movement is relatively small (see Fig. 12 ). The rms displacement shows nearly a diffusive motion. The chains with different lengths seem to move together in the presence of barriers. Although the pore boundaries enforce the transverse hopping of the chains, the rms displacement, nevertheless, remains diffusive. [6, 7] , we find that our prefactor decays with chain length with a nonuniversal exponent n.
V. CONFORMATIONAL PROPERTIES R -N~.
The exponent @=3/4 in two dimensions and 0.59 in three
Now we would like to look at the conformational properties of the chains in the quenched random medium. As the chains execute their stochastic motion, they explore their conformational states. At a fixed barrier concentration, we monitor the size of the chains to see if the chains have reached their equilibrium value. In the quenched system like this, the number of conformational states will be limited due to the presence of barriers. Additionally, there is a small probability of configurational interlocking in two dimensions [14] . Some degree of frustration [27] dimensions for the SAW [3] .We would like to point out that the exponent may depend on the type of matrix [38] in which the chains are embedded (i.e., the concentration of barriers here). any case, when the radius of gyration of the chains becomes comparable to the size of the pore in which it is placed, then the size of the chain conforms to the size of the pore, which is consistent with the general notion.
A similar effect of reduction in the radius of gyration for the long chains at higher barrier concentrations (low porosity) is also observed for the fluctuating bonds. However, the rate of decay of the radius of gyration with the chain length does not seem to be as abrupt as for the chains with the constant bonds. Thus, as long as the radius of gyration of the chain is smaller than the size of the host pores, the radius of gyration is not affected by the barriers; the probability of such an occurrence is high at low barrier concentration and for relatively short chains. At the high barrier concentration, on the other hand, the size of the chain seems to reduce in order to conform to the pore.
VI. SUMMARY AND CONCLUSION
We have presented a computer simulation study of the conformational and transport properties of polymer chains in a porous medium. We consider discrete lattices in two and three dimensions. The chains are modeled by constrained SAW. The initialization of the random sequential generation of chains is followed by the porous matrix, which is generated by distributing the impenetrable quenched barriers. We time regimes longer than reptation. In such long time regimes, we observe subdiffusive behavior which is nonuniversal as pointed out above. 
